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I. Introduct ion

I n order f o r robots t o operate e f f e c t i v e l y i n the p a r t i a l l y
umonst ra ined environment o f manufacturing, they must be equipped
w i t h c o n t r o l systems that have measurement and sensory cap-
a b i l i t i e s . But more than j u s t sensory data i s required. The
data must be processed and analyzed. and t h e r e s u l t s introduced
i n t o t h e robot c o n t r o l system i n r e a l - t i m e so that t h e response
i s goal - directed, r e l i a b l e , and e f f i c i e n t . This i s a prohSem
i n which complexity grows exponentially with the number o f sensors
and w i t h t h e number o f branch po in ts i n the c o n t r o l program.
Once there are more than a f e w sensors, each producing data which
can modify t h e robot ' s behavior o r se lec t among a number of
op t i ona l behavioral pat terns ( o r t r a j e c t o r i e s ) , con t ro l programs
can become enormously complex t o w r i t e and v i r tua l l y impossib le
t o debug.

It i s a t t h i s point that the problem o f contro l l ing a sensory
i n t e r a c t i v e robot becomes s im i l i a r t o that o f con t ro l l i ng any
complex system such as an army, a government, a business, o r a
b io l og i ca l organism. It then becones necessary t o introduce the
t ype o f h i e r a r c h i c a l command and cont ro l s t r u c t u r e which has
h i s t o r i c a l l y proven i t s e l f successfu l i n c o n t r o l l i n g such
systems [l].The secre t o f h i e r a r c h i c a l c o n t r o l i s t h a t it
allows t h e problem t o be p a r t i t i o n e d so as t o l i m i t t h e complexi ty



o f any module i n t h e h ie ra r chy t o manageable l i m i t s regard less
o f the conp lex i ty o f t h e e n t i r e structure,

11. B ie ra rch ica l Control

a) The Organizat ional Hierarchy

Figure 1 i l l u s t r a t e s the bas ic 3.ogical and temporal r e l a t i o n -
ships i n a h i e r a r c h i c a l computing stucture. O n t h e l e f t i s an
organ iza t iona l hierarchy where in computing modules are arranged
i n layers l i ke command posts i n a m i l i t a r y organization. Each
computing module receives comnands from a superior as w e l l as
feedback from subordinates and t h e environment. It t h e n computes
an appropriate s t r i n g o f subcommands which are issued t o a smal l
and exclus ive se t o f immediate subordinates. I n t h i s way a high
l e v e l goa l i s successively decomposed i n t o a number o f coord inated
s t r i n g s o f a c t i n n p r i m i t i v e s w h i c h produce observable behavior i n
accomplishing the goa l [2]. I n a s ing le highest l e v e l module, the
goals are selected and the discussions are made which commit the
e n t i r e o rgan i za t i on t o coordinated act ion.

b) The Computational Hierarchy

Each chain-of-command i n the organ i za t i ona l hierarchy con-
s i s t s o f a computational hierarchy of t h e form shown i n t h e
center o f Figure 1 [3]. T h i s computat ional hierarchy contains
th ree p a r a l l e l h ie rarch ies : one, a task decomposit ion hierarchy
which decomposes high l e v e l tasks i n t o l o w l e v e l act ions; two, a
sensory processing hierarchy which processes sensory da ta and
ex t rac t s the information needed by t h e task decomposit ion modules
at each l e v e l ; and three, a wor ld model hierarchy which generates
expectations o f what sensory data should be expected a t each
l e v e l based on w h a t subtask i s cu r ren t l y being executed a t that
leve l .

c) The Behav io ra l Hierarchy

The input commands t o each o f the l e v e l s i n the computational
hierarchy can be represented as vectors which t race out t ra jec -
t o r i e s through state - space as t i m e progresses. T h i s creates a
behaviora l h ie ra rchy as shown on t h e right o f Figure 1. The
lowest l e v e l t r a j e c t o r i e s i n t h e behaviora l lzierarchy correspond

*Contr ibut ion o f the U.S. N a t i o n a l Bureau o f Standards, no t
subject t o copyright.

* * Indus t r i a l Systems D iv i s i on , Center f o r Manufacturing
Engineering, U. S. Na t i ona l Bureau o f Standards, Vashington,
D.C. 20234.



t o obserable output behavior, e.g. the t i m e h is to ry o f t h e j o i n t
p o s i t i o n o f a robot manipulator. All the other t r a j e c t o r i e s
cons t i t u te the deep s t ruc t i on o f behavior. For example second
l e v e l t r a j e c t o r i e s correspond t o x,y,z' position, ve loc i t i es , and
forces o f t h e robot hand. The t h i r d l e v e l t r a j e c t o r i e s correspond
to sequences of symbolic names of e lenenta l moves such as "reach",
"grasp", etc. The fourth l e v e l and f i f t h t r a j e c t o r i e s corrspond
t o sequences of simple and conplex task names, respectively,

d) Sensory Processing

The sophist icated real - t ime use of sensory data f o r coping
with uncertainty and recover ing f rom e r r o r s requ i res that sensory
informat ion be able t o i n t e rac t w i t h the cont ro l system a t many
d i f f e r e n t l e v e l s w i t h many d i f f e r e n t constraints on speed and
timing. For exanple, joint pos i t ion , ve loc i t y , and sonetines
fo rce measurements are requ i red at the lowest l e v e l i n the
hierarchy f o r servo feedback. Th is data requ i res very l i t t le
processing, but must be suppl ied with t ime delays o f only
a few mi l l iseconds. A t the act ion pr imat ive l e v e l , x,y,z
posi t ion, ve loc i ty , and fo rce data are needed. This requires
a coord inate transformation. V i sua l depth (prox in i ty ) and
in format ion re la ted t o edges and surfaces are a l s o needed a t
t h i s l e v e l t o compute o f f s e t s f o r gripping points. This data
r e q u i r e s a modest amount o f processing and must be supplied



w i t h i r . a f e w ten ths o f a second. Recognit ion o f par t p o s i t i o n
and o r i e n t a t i o n requ i res more processing and i s needed a t the
elemental move l e v e l where t i m e constraints a r e on t h e order o f
seconds. Par t i d e n t i t y and re la t i onsh ips between objects i s
required f o r making behaviora l decisions a t the simple task l e v e l .
I n general, sensory information a t t h e higher leve ls i s more
abstract and may requ i re the in tegra t ion o f data over longer t ime
in terva ls . However, behavioral dec is ions a t t h e higher l e v e l s
need t o be made l e s s f requent ly , and l e s s quickly, and the re fo re
can t o l e r a t e t h e greater amount o f sensory processins reqnired.

Attempting t o dea l with t h i s full range o f sensory feedback
i n a l l of i t s possible ,combinations a t a s ing le leve l leads t o
extremely conplex and i n e f f i c i e n t programs. The processing o f
sensory data, p a r t i c u l a r l y v i s i o n data, i s inherent ly a h ie rar -
c h i c a l process [4] . Only i f t h e c o n t r o l system i s a l s o p a r t i -
t ioned i n t o a hierarchy can t h e var ious l e v e l s o f feedback
information be in t roduced i n t o t h e approprlate c o n t r o l l e v e l s i n
a simple and st ra lgh t fo rward manner.

e) The World Model

Typ ica l l y , t h e type o f in fo rma t ion r e q u i r e d by t h e c o n t r o l
system depends upon w h a t task i s being performed. As cond i t i ons
change, d i f f e r e n t sensors, d i f f e r e n t reso lu t ions , and d i f f e ren t
processing algorithms may h e needed. Furthermore, sensory data
can o f t e n be p r e d i c t e d f r o m t h e ac t ions being executed by t h e
c o n t r o l system. The w o r l d model h ierarchy may con ta in inform -
a t i o n as t o the shape, dimensions, and sur face fea tu res o f par ts
and t o o l s and may even i n d i c a t e t h e i r expected p o s i t i o n and
o r i e n t a t i o n i n the work environment. T h i s informat ion enables
the sensory processing modules to s e l e c t processing algori thms
appropriate t o t h e expected incoming sensory data, and t o cor -
r e l a t e observat ions against expectat ions [5,6 ]. The sensory
processing system can thereby detect the absence o f expected
events and measure dev ia t i ons between what i s observed and what
i s expected.

Feedback can be used by t h e t a s k decomposition hierarchy
e i t h e r t o modi fy act ion so as t o br ing observat ions i n t o cor -
respondence with expectat ions, o r t o change the input t o the
wor ld model so as t o pu l l i t s expectat ions i n t o correspondence
with observat ions [7] . I n e i t h e r case, once a match i s achieved
between expectat ion and observat ion, the task decomposit ion
hierarchy can act on i n f o r m a t i o n contained i n the model. T h i s



means the robot can now act o n the basis o f knowledge which i s
more complete than can b e derived from sensory observations.
For example, a robot c o n t r o l system may use model data t o reach
behind an ohject and grasp a point which i s hidden from view.

111. Programming a Hierarch ica l Cont ro l System

A t each l e v e l i n the task decomposition hierarchy, the s t r i ng
o f connnands f low ing between the H submodules de f ines a program.
Th is i m p l i e s that there i s a programming language unique t o each
l e v e l o f the computat ional hierarchy, and that the procedures
executed by t h e computing modules a t each l e v e l are w r i t t e n i n a
language unique t o that leve l . Th is par t i t i on ing o f the c o n t r o l
problem i n t o h i e r a r c h i c a l leve ls l i m i t s t h e complexity o f the
programs programs a t each leve l .

a) State-Machine Representation

I f we now further p a r t i t i o n t h e robo t con t ro l problem along
the t i n e axis, we can represent each computational submodule os
a state -machine [7] . A t every t i m e i n t e r v a l each computational
submodule samples i t s i n p u t s (command and feedback), and computes
an output. The programs res ident i n each o f the computational
submodules then become s imp le functions which can be represented
by formulas o f the form P=H(s), by a se t o f product ions, o r
ru les, o f t h e form I F (S)/THEN (P), o r by a s t a t e - t r a n s i t i o n
table.

One method o f implement ing the H, M, and G subEodules o f
F igure 1 i s by a s ta te - tab le such as shown i n Figure 2. Here
the simple task <FETCH(X)> i s def ined. The l e f t h a n d s ide o f the
t a b l e cons i s t s o f a command v e c t o r C and a feedback vec to r F.
The C vec to r cons i s t s of a command FETCH and an argument X. The
F vec tor cons i s t s o f a s t a t e de f ined by the prev ious output plus
a set o f feedback var iables cons is t ing o f processed sensory data
from the externa l environment as w e l l as progress repo r t s from
lower l e v e l modules. The righthand s ide o f the s t a t e table
def ines ( o r p o i n t s t o a procedure which def ines) an output vector
P which contains commands t o l o w e r l e v e l H modules, next s t a t e
informat ion t o be used in te rna l l y , and a c t i o n context i n fo rma t i on
t o be sent t o M submodules. The a c t i o n context information
addresses the M subnodules which re t r ieves expectations t o be
sent t o t h e G submodules. I n t h i s example, when the a c t i o n
context output i s g2, t h e M submodule t e l l s the G submodules t o
expect data r e l a t e d t o the o r i e n t a t i o n o f X on a planar surface,
The G submodule t h e n a p p l i e s an a lgor i thm which computes whe the r
Or ienta t ion (X)<O, o r Orientat ion(X)>O. When t h e a c t i o n context
output changes t o g l , t h e G funct ion changes t o an algor i thm
that computes the d is tance t o X.

Each €1 submodules conta ins an e n t i r e l i b r a r y o f procedures
i n an extended state - table. A t each c lock t i c k k, t h e le f t hand



s ide o f t h i s s ta te - tab le i s searched f o r an ent ry corresponding
t o the current input S=C+F. Ifan entry i s found, the f i r s t column
i n the right s ide of the state - table i s used as a po in ter
t o a procedure wh ich computes an output P=H(S). I f no ent ry
can be found, the po in te r i s se t t o an e r r o r cond i t ion and a
procedure i s evoked t o output t h e appropriate f a i l u re a c t i v i t i e s .
In most cases, a f a i l u r e cond i t i on will output a STOP command t o
t h e H submodule below and a f a i l u r e f l a g t o t h e H submodule above.

b) Programing t h e State-Machine Robot

Each entry i n the sta te - tab le represents an IF/THEN r u l e ,
sometimes ca l l ed a production. This construct ion makes i t poss-
i b l e t o de f i ne behavior o f a rb i t ra ry complexity. An i d e a l task
performance can be defined i n terms o f the sequence o f states
and s t a t e t rans i t i on condit ions that take place during per for -
mance. Deviat ions f rom the i d e a l can he handled by simply adding
the deviant condi t ions t o the l e f t had side o f the state - table
and the appropriate a c t i o n t o be taken t o the right hand side.
Any cond i t ions no t e x p l i c i t l y covered by t h e tab le r e s u l t s i n an
"Idon't know what t o do now'' f a i l u r e r o u t i n e being executed.
Whenever that occurs, t h e robot s imply stops and asks instruc -
tions. I f t h e c o n d i t i o n can be corrected, t h e opera to r can
simply en te r a few more r u l e s i n t o the s ta te - tab le and the robot
will continue. By t h i s means, t h e robot gradual ly learns how t o
handle a l a r g e r and l a r g e r range o f problems.

I V . A Microcomputer Network Implementat ion

I n our labo ra to ry a t t h e Na t iona l Bureau o f Standards Anthony
Barbera and M.L. F i t zge ra ld have constructed a state -machine
h i e r a r c h i c a l c o n t r o l system f o r a robo t i n a network o f m i c r o -
computers I8,9]. T h i s system naps t h e computat ional h ierarchy o f
Figure 1 i n t o t h e physical structure o f Figure 3. The coordinate
transformations o f Figure 1 are implemented i n one of t h e
microcomputers o f Figure 3. The elemental move t r a j e c t o r i e s
are ca lcu la ted i n a second microcomputer o f Figure 3. The
processing o f t h e v i s i o n data i s accomplished i n a th i rd micro -
computer, and the processing o f f o r c e and touch data i n a fourth
microcomputer (arm interface.) A f i f t h microcomputer provides
communication w i t h a minicomputer where in res ide addi t iona l
modules o f the c o n t r o l hierarchy. It i s ant ic ipated that these
will eventual ly be embedded i n a s i x t h microcomputer.

Communication f r o m one module t o another i s accomplished
through a common memory " ma i l drop " system. No two microcomputers
communicate d i r e c t l y w i t h each other . This means that common
memory conta ins a l o c a t i o n assigned t o every element i n t h e
input and output v e c t o r s o f every module i n t h e hierarchy. No
l o c a t i o n i n common memory i s w r i t t e n i n t o by more than one
computing module, but any number o f modules may read from any
loca t ion .



a) T ime S l i c ing

Time i s s l i c e d i n t o 28 m i l l i s e c o n d increments. A t the
beginning of each increment, each computational rcodule reads
i t s set o f input values f rom the appropr ia te loca t ions i n common
memory. It then computes i t s set o f output values wh ich it
w r i t e s back i n t o the common nemory be fo re t h e 28 mi l l i second
i n t e r v a l ends. Any o f t h e l o g i c a l modules which take longer
than the 28 mi l l i second i n t e r v a l merely wait f o r the next
occurrence o f the synchronizat ion pulse and output during t h e
w r i t e p o r t i o n o f that interval . The process then repeats.

Each l o g i c a l module i s thus a state -machine whose outputs
depend only on i t s present inputs and i t s present i n te rna l
state. None o f t h e l o g i c a l modules use any in te r rup t s .
Each s t a r t s i t s read cyc le on a clock signal , computes and
w r i t e s i t s output, an6 w a i t s f o r the next clock signal. Thus,
each l o g i c a l nodule i s a state -machine with t h e IF/TI-IEN, o r
P=H(S) propert ies o f an ar i t hme t i c funct ion.

The common memory " m a i l drop " communication system has a
number of advantages and disadvantages. One disadvantage i s
that i t takes two data t rans fers t o set in format ion f r o m one
module t o another, However, t h i s i s o f f s e t by the s impl ic i ty of -
the communication protocol . No modules talk t o each other so
t h e r e i s no handshaking required, I n each 28 m i l l i second t i m e
s l i ce , a l l modules read f r o m conrnon memory b e f o r e any a r e al lowed
t o w r i t e t h e i r outputs back in.

b) System Ex tens ib i l i t y

The use o f comon memory data t rans fe r means that t h e ad-
d i t i o n o f each new s t a t e v a r i a b l e requires o n l y a d e f i n i t i o n o f
where t h e newcomer i s t o be l o c a t e d i n common menory. T h i s
in fo rmat ion i s needed only by t h e module which generates it so
that i t kmws where t o w r i t e i t , and by the modules which read
it so t h a t they know where t o look. None o f the other modules
need know, o r care, when such a change i s implemented. Thus,
new microcomputers can eas i l y be added, l og i ca l nodules can be
sh i f ted f r o m one microcomputer t o another, new func t ions can be
added, and even new sensor systems can be introduced with l i t t l e
o r no e f f e c t on the r e s t o f t h e system. As long as the bus has
surp lus capacity, t he physical structure o f t h e system can be
reconf igured with no changes requ i red i n the sof tware resident
i n the l o g i c a l modules not d i r e c t l y involved i n the change.

c) Progran Debugging

Furthermore, the common memory always contains a r e a d i l y
accessible map o f t h e current s t a t e o f t h e system. Th is makes
it easy f o r a system mon i t o r t o t race the h i s t o r y o f any o r a l l
o f the s t a t e var iab les , t o s e t break points, and t o reason
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backwards t o the source of program e r r o r s o r f a u l t y log ic .

The read-conpute -write -wait cyc le wherein each module i s a
state -machine makes i t possib le t o stop t h e process a t any
point, t o s ing le s tep through a task, and t o observe i n d e t a i l
t h e performance o f the con t ro l system. This i s extremely
important f o r program development and v e r i f i c a t i o n i n a
sophi s t i c a t ed, rea l - t ime, sensory - interac t i v e system i n which
many processes are going on i n p a r a l l e l at many d i f f e r e n t
h i e r a r c h i c a l leve ls .

d) Single Computer Implementat ion

It should a l s o be noted that a h ie ra rch ica l cont ro l system
can be implemented i n a s ing le computer [ l o ] . The arch i tec ture
o f t h e microcomputer network can he slmulated i n a single program
wh ich cycles 02cc F e r t i m e tick, and can be stopped, o r s ing le
stepped. The s ing le program would consist o f a set o f processes,
each o f which i n t h e i r turn are al lowed t o read input variables
from a b lock o f common memory, p e r f o r m some functional ope ra t i on
on those input variables, and hold t h e i r outputs i n temporary
storage unt i l a l l t h e processes have completed t h e i r read cycle.
Then each o f the processes i s al lowed t o w r i t e i t s output var iab les
i n t o cornon memory. The program then cyc les back t o t h e beginning
and r e s t a r t s . T h i s i s a programmi% technique wh ich i s o f t e n
used i n process - control, systems -Simulation, and m u l t i t a s k
modeling.

d) S imp l i c i t y

The modular, state -machine approach separates the H, M, o r C,

func t ions i n t o simple understandable blocks o f code which can be
w r i t ten, debugged, and opt i n i z e d independently. The modules have
a simple canonical f o r m which makes them Understandable and t h e
code readable. It f o r c e s a pa r t i t i on i ng o f the problem i n t o
manageable chunks, whtch can be independently analyzed, reduced
t o algorithms, and then reassembled i n t o a complex i n t e l l i g e n t
system. T h i s prov ides a systematic approach t o t h e synthesis o f
i n t e l l i g e n t behavior.

V. Future Developments

It seem l i k e l y that it will soon be poss ib le t o design a
cross -coupled processing -generating hierarchy, s i m i l a r t o tha t
suggested i n Figure 1, cons is t i ng o f tens o r even hundreds o f
microcomputers. Such l a r g e systems are present ly being contem-
pla ted f o r t h e c o n t r o l o f e n t i r e f a c t o r i e s Ill].The h i e r a r c h i c a l
sensory - control s t r u c t u r e makes i t poss ib le f o r many d i f f e r e n t
computing modules, each doing i t s l i m i t e d assigned task t o b e
in teg ra ted i n t o a coord ina ted system so that parts, too ls , and
m a t e r i a l s a l l a r r i v e a t t h e right p lace a t the r igh t t i n e . The
c o r r e c t operat ions can t hen be performed , the r e s u l t s inspcc t ed,



t h e f i n l shed work dispatched t o t h e next work area, and a repor t
made t o the next h i ghe r l e v e l i n t h e hierarchy. Thus, the same
type o f h ie ra rch ica l c o n t r o l system suggested here f o r robots
can be extended t o in teg ra te robots, machine too ls , mater ia ls
t ranspor t systems, i nven to ry con t ro l , safety , and inspec t i on
systems i n t o a sensory - interact ive goal -seeking h ie ra rch ica l
computing s t ruc tu re f o r a t o t a l l y automatic factory.
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